Organisms belonging to the OP11 candidate phylogenetic division of Bacteria have been detected only in rRNA-based sequence surveys of environmental samples. Preliminary studies indicated that such organisms represented by the sequences are abundant and widespread in nature and highly diverse phylogenetically. In order to document more thoroughly the phylogenetic breadth and environmental distribution of this diverse group of organisms, we conducted further molecular analyses on environmental DNAs. Using PCR techniques and primers directed toward each of the five described subdivisions of OP11, we surveyed 17 environmental DNAs and analyzed rRNA gene sequences in 27 clonal libraries from 14 environments. Ninety-nine new and unique sequences were determined completely, and approximately 200 additional clones were subjected to partial sequencing. Extensive phylogenetic comparisons of the new sequences to those representing other bacterial divisions further resolved the phylogeny of the bacterial candidate division OP11 and identified two new candidate bacterial divisions, OP11-derived 1 (OD1) and Sulphur River 1 (SR1). The widespread environmental distribution of representatives of the bacterial divisions OD1, OP11, and SR1 suggests potentially conspicuous biogeochemical roles for these organisms in their respective environments. The information on environmental distribution offers clues for attempts to culture landmark representatives of these novel bacterial divisions, and the sequences are specific molecular signatures that provide for their identification in other contexts.
Organisms belonging to the OP11 candidate phylogenetic division of Bacteria have been detected only in rRNA-based sequence surveys of environmental samples. Preliminary studies indicated that such organisms represented by the sequences are abundant and widespread in nature and highly diverse phylogenetically. In order to document more thoroughly the phylogenetic breadth and environmental distribution of this diverse group of organisms, we conducted further molecular analyses on environmental DNAs. Using PCR techniques and primers directed toward each of the five described subdivisions of OP11, we surveyed 17 environmental DNAs and analyzed rRNA gene sequences in 27 clonal libraries from 14 environments. Ninety-nine new and unique sequences were determined completely, and approximately 200 additional clones were subjected to partial sequencing. Extensive phylogenetic comparisons of the new sequences to those representing other bacterial divisions further resolved the phylogeny of the bacterial candidate division OP11 and identified two new candidate bacterial divisions, OP11-derived 1 (OD1) and Sulphur River 1 (SR1). The widespread environmental distribution of representatives of the bacterial divisions OD1, OP11, and SR1 suggests potentially conspicuous biogeochemical roles for these organisms in their respective environments. The information on environmental distribution offers clues for attempts to culture landmark representatives of these novel bacterial divisions, and the sequences are specific molecular signatures that provide for their identification in other contexts.
Sequence analyses of rRNA genes from natural microbial communities have identified a broad diversity of previously unknown microorganisms. Currently, about half of the Ͼ70,000 rRNA sequences in the public databases represent uncultured organisms (3) . More than one-third of the 40 to 50 main relatedness groups, natural divisions, of the phylogenetic domain Bacteria are known only from detection of rRNA sequences and have no described cultivated representatives. These division-level clades with no cultured representatives, typically known from only limited numbers of rRNA sequences, have been termed candidate divisions to reflect the limited documentation that describes them (12) .
One of the most widely distributed phylogenetic candidate divisions in environmental molecular surveys is the division OP11, first encountered in the Yellowstone hot spring Obsidian Pool (11) . Sequences representing the OP11 group have since been found in marine and freshwater sediments (16, (2, 13) , the human oral cavity (17) , and a hydrocarbon-polluted aquifer (6) . Based on the extent of rRNA sequence divergence within the group, 33% overall sequence divergence, the OP11 clade, if truly monophyletic, would represent the most diverse division within the domain Bacteria. This extent of rRNA sequence divergence is substantial in comparison to other bacterial relatedness groups. For instance, the extent of rRNA sequence variation in the Proteobacteria division is about 23% excluding mitochondria (6) . Before the present study, the OP11 division appeared to comprise five monophyletic subdivisions. However, the early analyses were based on a relatively small selection of OP11 sequences, and some of the subdivisions contained only a few sequences (12) . Consequently, phylogenetic calculations relating these OP11 subgroups to one another and to other bacterial divisions were uncertain.
In order to analyze further the phylogenetic diversity and environmental distribution of the candidate phylogenetic division OP11, we have determined novel OP11-related sequences from a variety of chemically distinct environments. Phylogenetic analyses of the novel sequences provide new perspective on the former candidate bacterial division OP11.
MATERIALS AND METHODS
Sample collection and DNA extraction. Samples included oxidized-iron deposits from a (nominal) Gallionella community located on Boulder Creek (Boulder, Colo.); a marine tidal mat located near Bolinas, Calif.; and sediment with microbial streamers from Sulphur River, Parkers Cave, Ky. DNA was extracted using a modified bead-beating and solvent extraction protocol as previously described (6) . Other DNAs used in this study, as specified below, were obtained from Michael Dojka (5) . These included DNAs isolated from two marine sediments (CA), two terrestrial sediments (IN), two human fecal samples, two hydrocarbon-damaged aquifer samples (CA and MI), four thermal features from Yellowstone National Park, landscaped topsoil (CA), and Pavillion Lake (Canada).
PCR and cloning. Community ribosomal DNA sequences (rDNAs) were amplified in 100-l PCRs, which included the following (final concentrations): 1 to 50 ng of DNA in reaction mixtures, 1ϫ PCR buffer II (Perkin-Elmer), 1.5 mM MgCl 2 , 200 M (each) deoxynucleoside triphosphates, 200 M (each) forward and reverse primers, 800 g of bovine serum albumin per ml, and 2.5 U of AmpliTaq Gold DNA polymerase (Perkin-Elmer) per ml. Reaction mixtures were incubated in a PTC-100 programmable thermal cycler (MJ Research) at 94°C for 12 min (for initial denaturation and activation of AmpliTaq Gold), followed by 30 cycles at 92°C for 1 min, various annealing temperatures (Table  1 ) for 1 min, and 72°C for 1 min, followed by a final extension period of 15 min at 72°C. The primers used in this study were 27F (bacterium specific, 5Ј-AGA GTTTGATCCTGGCTCAG-3Ј), 1492R (universal, 5Ј-GGTTACCTTGTTACG ACTT-3Ј), 1525R (bacterium specific, 5Ј-AAGGAGGTGATCCAGCC-3Ј) (14) , 11_1_502F (5Ј-GCCGCTAACTGCGTGCCA-3Ј), 11_2_1286R (5Ј-CCCACT GAGAAGCCGTTT-3Ј), 11_3_1368R (5Ј-GCGAGAACGTATTCACCG-3Ј), 11_5_1380R (5Ј-TGAGTGCAAGGAACAGGG-3Ј), and OP11-1090R (5Ј-TCG TTGTCCCACTTAA-3Ј). For libraries Bol, BMS, and BTM, a hemi-nested amplification was employed that consisted of a first-round PCR amplification using 27F and 1492R primers, with the product of first amplification serving as the template for a second PCR using 27F and OP11-1090R primers. PCR products were cloned using the TOPO TA cloning kit (Invitrogen Corp., Carlsbad, Calif.) as specified by the manufacturer. Plasmid DNAs containing unique inserts were sorted by restriction fragment length polymorphism (RFLP) analysis (6) and sequenced using an ABI 373 stretch or ABI 377 DNA sequencer (BigDye Terminator ready reaction mixture; PE Applied Biosystems, Inc.) according to the manufacturer's instructions. Primers used for sequencing included vector primers (T3 and T7) and the small-subunit (SSU) rDNA primers 515F (5Ј-GT GCCAGCMGCCGCGGTAA-3Ј), 907R (5Ј-CCGTCAATTCCTTTRAGTTT-3Ј) and DASEQ (5Ј-SGGAGWATCGACCCT-3Ј).
For each library, eight randomly chosen RFLP types were screened by sequence to test primer specificity. All RFLP types in libraries with target sequences among the initially screened clones were sequenced. Libraries with no target rRNA sequences among the screened samples were not analyzed further.
Phylogenetic analysis and chimera detection. Sequences were compared to the GenBank database using the Basic Local Alignment Search Tool (BLAST) network service to determine their approximate phylogenetic relationships (1). Partial sequences were edited and compiled in AutoAssembler 2.1 (PE Applied Biosystems), and the sequences were aligned using the ARB database (Strunk and Ludwig [20] ). We used the methods described by Hugenholtz et al. to identify chimeras (12) , and none were identified. Sequence alignments used to infer phylogenetic relationships were created using the Lane mask (15), which excludes hypervariable regions of the SSU-rRNA sequence. Phylogenetic relationships were tested using reference taxa from previously described phylogenetic divisions (11) . Heuristic searches were performed using the minimal evolution (ME) (number of repetitions [nreps] ϭ 100 or 200), maximum parsimony (MP) (nreps ϭ 100 or 200), and maximum likelihood (ML) (nreps ϭ 1 or 10) methods to find the best tree possible. For trees constructed using ME and MP methods, data sets contained 181 or 245 taxa. In order to test the robustness of the inferred topologies in phylogenetic trees, Bootstrap analyses were performed using ME (with K2P, HKY85, GTR, and ML models of evolution [10] ) and MP (100 bootstrap replicates with 10 random addition sequence replicates per bootstrap) in the PAUP‫ء‬ phylogenetic package (version 4.0) compiled on a dualprocessor PC running Linux. Seventy percent or greater bootstrap support was considered to identify supported nodes (9) . Based on the ME and MP analyses, a core of 15 sequences (5 each) from candidate divisions OP11, OD1, and SR1 was selected to be included in all subsequent ML analyses. For trees constructed using ML methods, multiple data sets (7, with 38 to 64 taxa each) were constructed to sample all of the reference taxa. ML analyses were used to test the monophyly of clades that resulted from the analyses and to identify potential problems of long-branch attraction that arise with distance and MP methods. All ML analyses used the HKY85 model of evolution due to computational constraints of the analyses.
About 240 complete or partial sequences not belonging to the target phylogenetic divisions were determined in this study. Phylogenetic information for these clones can be obtained from http://pacelab.colorado.edu/publications /publications.html.
Accession numbers. The sequences of all the rDNA clones analyzed are available under GenBank accession no. AY192989 to AY193296.
RESULTS
SSU-rDNA libraries were developed using primers targeted to each of the five subdivisions of the previously described phylogenetic division OP11. As summarized in Table 1, 6 of the 17 community DNAs tested yielded target sequences. Three environments (two human fecal samples and one hydrocarbon-damaged aquifer sample) produced no PCR product with any of the primer sets tested. In general, the environments that contained OP11-related sequences were anoxic: marine sediments, a contaminated aquifer, and the Sulphur River streamers ( Table 1) . The qualitatively more oxic environments examined did not yield OP11-related sequences. This result is consistent with previous encounters of representatives of the OP11 division, mainly in anoxic zones. Approximately 2,600 rDNA clones from 27 libraries were screened by RFLP, and about 300 unique sequences were determined completely or partially. The primers used for this study were designed to be specific for their target groups based on known sequences, and stringent conditions (maximum annealing temperature that produced the product) were used for PCR to maximize specificity of the amplified product. Nonetheless, libraries constructed from these primers contained numerous nontarget rRNA gene sequences. In general, nontarget sequences showed low sequence identity (typically 90% or less) to known 16S rRNA sequences (see Materials and Methods for accession numbers).
OP11-related rRNA sequences were used in extensive phylogenetic analyses to determine the relationships of the new sequences to known ones. Multiple large data sets (181 or 245 taxa) representative of the full diversity of the bacterial domain were analyzed using ME and MP analyses to identify preliminary phylogenetic placements. Bootstrap analyses were used to test the robustness of the trees determined. The results indicate that the OP11 clade, previously thought to be monophyletic, in fact is a polyphyletic group. Inclusion of the new sequences in tree calculations broke the former OP11 clade into three division-level groups, without specific relationship to any other bacterial division. We term these groups candidate divisions OP11 (three of the five former clades of the OP11 group), OD1, and SR1. Based on the initial results, multiple small data sets (38 to 64 taxa) covering the diversity of Bacteria were assembled for heuristic and/or bootstrap ML analyses (nreps ϭ 10 or 100, respectively) to test for potential artifacts in the ME and MP analyses. Specifically, we tested whether the monophyly of the OP11, OD1, and SR1 clades resulted from long-branch attraction (LBA). Table 2 summarizes the phylogenetic analyses performed to test the relationships of sequences belonging to the candidate divisions OP11, OD1, and SR1 in the context of diverse sequences from the domain Bacteria. The monophyletic nature of each of the candidate divisions (OP11, OD1, and SR1), as well as the relationship between these candidate divisions, was tested in the context of the original articulation of the candidate division OP11 (12) . The results show that each of the candidate divisions discussed here is monophyletic in all analyses, with good bootstrap support. Heuristic searches using ML methods did recover the original OP11 clade in several analyses (three of four) with approximately 40 taxa. Although the ML criterion is generally less prone to problems of LBA, we suspected that the limited sampling of 40-taxa data sets can lead to such problems even with ML. To test this possibility, four data sets, three containing approximately 60 taxa and one containing 181 taxa, were constructed and analyzed (Table 2) . With better sampling, the aggregate OP11 clade, including OP11, OD1, and SR1, from the original articulation was not obtained in two of three 60-taxa data sets or the 181-taxa data set. These results indicate that LBA and limited sample size were responsible for the earlier result of the monophyly of the original OP11 group.
DISCUSSION
These results clarify the phylogenetic tree of the former candidate division OP11. The expanded sampling of diversity afforded finer phylogenetic resolution than previously possible and split the former candidate division OP11 into three separate division-level clades. The new candidate phylogenetic divisions SR1 (Sulphur River 1) and OD1 (OP11-derived 1) formerly were subdivisions 4 and 5, respectively, of the candidate division OP11. The extent of diversity, as indicated by pairwise rRNA sequence differences (5) in each of these clades, is still very high. The revised candidate division OP11 HKY85  181  100  94  78  100 U  ML  181  100  96  73  100 U  K2P  245  100  94  79  100 U  GTR  245  100  89  80  100 U  HKY85  245  100  84  86  100 U  ML  245  100  95  90  100 U  MP  181  100  81  U  100 U  245  100  86  89  100 U  ML  HKY85  44  100  91  81  100 U  HKY85  40  100  91  98  100 U  HKY85  40  100  95  85  100 U  HKY85  38  100  94  89 100 U a For ML analyses, seven smaller independent data sets were used to test the monophyly of the target groups. For ME and MP all data sets were the same for heuristic searches and bootstrap analyses.
b Numbers denote the numbers of repititions (nreps) performed in heuristic searches and bootstrap analyses.
c Monophyly of the groups of interest in heuristic searches are denoted as yes (Y) or no (N) and if the clade is supported or unsupported (U) by bootstrap analysis. Bootstrap support (percent) for nodes that demark the monophyly of the indicated clade is shown. Seventy percent was used as a cutoff for convincing bootstrap support (10) .
d The "All" category denotes monophyly of OP11, OD1, and SR1 as a single clade, as seen in the original articulation of OP11.
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remains the most diverse of the known bacterial divisions, with 29.8% overall sequence difference within the clade. The new candidate phylogenetic division OD1 is the second most diverse at 27.2%, while the phylogenetic division SR1 (both described in this work) is represented so far by sequences with only 15.7% overall divergence. The extent of SSU-rRNA sequence divergence in these clades is comparable to those of well-established bacterial divisions with cultivated representatives, such as the Proteobacteria (with 23% sequence divergence excluding mitochondria), the low-GϩC gram-positive bacteria (24%), and Cyanobacteria (13% excluding chloroplasts). The split of the former OP11 clade into multiple divisionlevel clades is not surprising considering the extent of sequence divergence previously noted for the group, coupled with the small number of sequences (limited sampling) that represented the original OP11 group. Problems in phylogenetic results due to incomplete sampling are well documented (7, 8, 19) . The subdivisions of the former OP11 clade (12) were comprised of only a few sequences, yet the extent of sequence variation between the subdivisions was as great as that between any of the primary bacterial divisions. The former subdivisions 1 to 3, comprised of 24 sequences in the original study (12) , are now represented by 49 diverse sequences and remain the candidate phylogenetic division OP11. The smallest subdivision of the former OP11 division (number 4) was indicated by only 2 sequences in the original study (12) , but that representation is expanded to 11 sequences in this work. The phylogenetic analyses indicate that this former subdivision constitutes a novel division-level clade, candidate division SR1. Subdivision 5 of the former OP11 division contained 10 sequences in the original study (12) and is now comprised of 53 sequences. This larger data set resolves into still another novel candidate phylogenetic division, OD1.
The split of the former phylogenetic division OP11 into multiple division-level clades highlights both the difficulty of resolving the relationships among the bacterial divisions and the importance of adequate sampling for the identification of relatedness groups. Any pair of rRNA sequences from a particular phylogenetic division of Bacteria can be as much as 30% different. This level of sequence divergence is a primary reason why adequate sampling is critical: greater sampling of deeply divergent groups breaks up long branches in phylogenetic tree calculations and increases the accuracy of phylogenetic inferences (7, 8, 19) .
The new candidate phylogenetic division SR1 provides a good example of the sampling problem. The original phylogenetic analysis of the OP11 division found the two available SR1 sequences to be a strongly supported subgroup of OP11. With increased sampling, the present analyses clearly distinguish SR1 sequences as forming a distinct and strongly supported (100% bootstrap in all analyses) monophyletic clade distinct from all other bacterial sequences ( Fig. 1; Table 2 ). The original clustering of SR1 sequences with those of the OP11 group apparently was a consequence of LBA and insufficient data to resolve the deep branchings even using robust phylogenetic methods, such as ML. Indeed, our results bring into question the practice of using subsets of the data in ML analyses. Although ML is technically more robust for problems of LBA, we found that LBA can be problematic with ML when sample diversity is limited. Dalevi et al. found similar behavior of ML when studying the effects of different outgroups on ML analyses of bacterial divisions (4) .
The PCR primers designed for this study were nominally specific for the targeted groups based on available bacterial rRNA sequences and screens for specificity with BLAST. Nonetheless, numerous nontarget sequences were obtained with the subdivision 1 and 3 primers, even under highly strin- (Table 2) are given for ME (top, 245-taxa data set, HKY85 model of evolution) and MP (bottom, 245-taxa data set). The bar represents 5% sequence divergence.
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gent conditions (reduced magnesium concentrations and elevated annealing temperatures). The number of environmental DNAs that were PCR positive was a good indication of the relative specificities of the primers. The most-specific primers amplified from only a small number of environmental DNAs, whereas primers that exhibited amplification from a large number of the environmental DNAs showed lower levels of specificity. The lower specificities of some of these primers is not necessarily a negative characteristic, since novel sequences were obtained. Since the sequences were obtained by PCR, we do not know if amplification of nontarget sequences was due to low fidelity of primer binding or the actual occurrence of the target sequence in the nontarget environmental rDNAs. Most of the nontarget sequences were highly divergent (Ͼ10%) from the target group and from known bacterial rRNA sequences. The relatively low phylogenetic specificities of the primers may be a consequence of the limited diversity of rRNA sequences that are in the databases and are used to design specific primers. The relaxed specificities of the primers used in this study also point out a potential pitfall for methods that rely on nucleic acid hybridization assays based on sequences in the public databases. Probes may appear highly specific in the context of database sequences but actually hybridize to target sequences from nucleic acids of phylogenetic groups that remain uncharacterized.
The new candidate phylogenetic divisions reported here have no cultivated members, so their physiological properties remain unknown beyond the expectations of the general properties of organisms that belong to the phylogenetic domain Bacteria. However, the environmental distribution of the sequences suggests hypotheses about the environmental roles of the organisms identified by the sequences. In general, representatives of the OP11, OD1, and SR1 groups are found in reduced environments with a conspicuous presence of sulfur compounds, such as sulfate and sulfide in the marine environments, the contaminated aquifer sample, and the Sulphur River sample. This may indicate that the organisms detected engage in sulfur cycling in the environment. The sequences determined in this study are specific identifiers of the corresponding organisms which can be used in further studies.
